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Summary
Th e aim of this study was to quantify the variation in linkage disequilibrium patterns 
between populations of Slovak Pinzgau, Austrian Pinzgau, Simmental, Charolais 
and Holstein. Th ese comparisons included diff erences between the genetically close 
populations as well as between dairy and beef breed types. Total number of genes 
in regions with top 0.01 and 0.1 percentile was 202. Th e most signifi cant SNPs for 
production, reproduction and functional traits were positioned in the chromosome 
7, 9, 11, 14, 20 and 24 (H2AFY, MAP3K, FAM110B, UBXN2B, CYP7A1, SDCBP, 
NSMAF, PRKAA1, PTGER4, MIR2361, CDH18 and C9). Genome scans confi rmed 
the presence of selective sweeps in the genomic regions that harbour candidate genes 
that are known to aff ect productive traits in cattle such as CAST, COQ3, GJA1, 
ACYP2, SPTBN1, EML6, RTN4, MAP3K7, PLAG1, CHCHD7, PENK, PRLR, GHR, 
C6, C7, LIFR, MOCOS, GALNT1, COLEC12, CETN1, TYMS, YES1, NDC80, LPIN2, 
MYOM1, MYL12A, MYL12B and DLGAP1. Although phenotypic diversity is not 
suffi  ciently large to be detected, investigating the polymorphisms presented in the 
regions of the genome that are involved in breeding traits can be very useful in terms 
of genetic improvement.
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Introduction
During the past 50 years the worldwide cattle population has 
increased approximately 50%, whereas, the production (milk, 
meat and hides) of this population has increased up to 100% 
(Randhawa et al., 2016). Genetic conditions are breed specifi c, 
given that cattle breeds were developed in relative genetic isola-
tion and independently of each other. Until the advent of modern 
molecular biology methods, the technology was unavailable to 
identify genes associated with quantitative traits and the vari-
ants within the gene that produce diff erences in productivity or 
its expression (Kasas, Kehrli, 2016). Pinzgau cattle kept under 
European conditions traditionally belong to the dual purpose 
breeds. Preservation of the dual purpose production type of the 
European Pinzgau population is generally regarded as a basic 
breeding aim. Th is breed is characterized by many excellent 
features, and that is why it has spread from Austria across the 
whole world. In spite of the fact that the Pinzgau cattle are now 
endangered population in Europe, many farmers are still inter-
ested in its keeping (Kasarda et al., 2016).
Signatures of selection are regions in the genome that have 
been preferentially increased in frequency and fi xed in a popula-
tion because of their functional importance in specifi c process-
es. Th ese regions can be detected because of their lower genetic 
variability and specifi c regional linkage disequilibrium (LD) 
patterns (Pérez O’Brien et al., 2014). Th e aim of genome-wide 
association studies (GWAS) of common diseases and complex 
traits is to fi nd statistically signifi cant markers, usually single 
nucleotide polymorphisms (SNPs), which are associated with the 
phenotype of interest. Th ese SNPs are seldom the genetic vari-
ants responsible for the phenotype, but are markers in LD with 
the underlying causal variants. Th us, the fi ndings from GWAS 
serve as indicators for genomic regions that are likely to possess 
the genetic variants directly responsible for the functional chang-
es and diff erences in phenotypic expression (Ong, Teo, 2010). 
Th e initial discovery phase of GWAS aims to identify SNPs 
putatively associated with the trait of interest; the success of this 
phase depends on the eff ect size, the sample size of the studies 
and the signifi cance level. Th en the confi rmation or validation 
phase is performed to assess the reproducibility of the initial 
association signals in the same or diff erent populations with 
varying patterns of LD in diff erent populations. Finally the 
fi ne-mapping phase is carried out to locate the functional vari-
ant which is directly responsible for phenotypic variation. In 
this case, the inter-population variation in LD has considerable 
impact on GWASs (Li et al., 2013). 
Th e hotspots of selection could be linked to various biologi-
cal functions enriched across those breeds, especially related to 
adaptation (disease, climate, feed resources), appearance (polled-
ness, coat colours) and production (milk, meat, fertility) traits, 
each of which have economic importance in various environ-
ments and production systems (Randhawa et al., 2016). 
Th e variation in LD  method was successfully used in de-
tection of genes associated with civilization diseases (Teo et al., 
2009; Ong et al., 2010; Li et al., 2013) as well as production and 
reproduction traits in cattle (Perez O´Brian et al., 2014; Sorbolini 
et al., 2015; Randhawa et al. 2016).
Th e purpose of this study was to access selection signatures 
through linkage disequilibrium variation among Slovak Pinzgau, 
Austrian Pinzgau, Simmental, Holstein and Charolais. Genome 
signatures of production and adaptation traits was found by 
comparing the diff erences across diff erent production types.
Material and methods
Dataset containing 381 individuals of 5 European breeds 
was used in further analysis. A total of 37 Slovak Pinzgau bulls 
(SP), 105 Austrian Pinzgau bulls (AP; Ferenčaković, 2013), 
84 Simmental from Switzerland (SIM), 100 Holstein from 
Netherlands (HOL), and 55 Charolais from France (CH) were 
genotyped (unknown sex; McTavish et al., 2013a). Quality control 
according McTavish et al. (2013b) also for Slovak and Austrian 
Pinzgau was performed. Subsequently, individuals with >10% 
missing genotypes across the autosomal markers as well as mark-
ers missing in >10% of individuals were removed. Markers with 
highly signifi cant deviations (P < 10-5) from Hardy-Weinberg 
Equilibrium were also excluded using the PLINK soft ware (Purcell 
et al., 2007). Final number of individuals and SNP count used 
in the analyses was 358 and 41,135, respectively.
Population diff erences in local patterns of LD around SNPs 
associated with production and reproduction traits were meas-
ured with the varLD soft ware (Ong, Teo, 2010), using the target-
ed option for 50-SNP windows, minor allele frequency (MAF = 
0.05) and missingness of SNPs (0.02). Pérez O’Brien et al. (2014) 
concluded that unbiased estimates of LD were obtained provided 
MAF > 0.05 unless low density SNP coverage assays were used. 
For each population and genomic region, varLD builds a matrix 
of pairwise signed LD (r2) values among all the SNP pairs and 
provides a raw score corresponding to the absolute diff erence in 
the eigen-decompositions between two matrices. Th is score is a 
summary measure of the overall LD levels in a given genomic 
region between two populations. As the magnitude of the raw 
varLD scores is aff ected by the size of the windows and the popu-
lations being compared, we prefer to use the standardized score 
with the empirical mean and variance of the collection of scores 
across the genome. Th is produces a statistical signifi cance for 
testing the null hypothesis that the LD patterns in the region are 
identical between the two populations (Teo et al., 2009). 
Candidate regions under positive selection by comparing 
genome-wide LD variation between populations were calculated 
for Slovak Pinzgau (SP, dual purpose), Austrian Pinzgau (AP, 
dual purpose), Simmental (SIM, dual purpose), Holstein (HOL, 
dairy) and Charolais (CHA, beef). Genomic regions containing 
the top 0.01, 0.1, 1 and 5 percentile of signals were character-
ized using the UMD3.1 Bos taurus genome assembly (Aken et 
al., 2016) to identify genes in those regions and compared with 
previously reported selection signatures. Data manipulation and 
visualisation were performed using SAS 9.3 (SAS Institute, 2011) 
and R soft ware (R Core Team, 2016).
Results and discussion
Th e genome-wide LD variation between populations were 
compared to detect the candidate regions under positive se-
lection. For all comparisons, the regions with top 0.01 and 0.1 
percentile included 202 genes, including H2AFY, MAP3K, 
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FAM110B, UBXN2B, CYP7A1, SDCBP, NSMAF, PRKAA1, 
PTGER4, MIR2361, CDH18 and C9. As the chromosome 11 sig-
nalled a signifi cant variation of LD in most pairs of breeds, the 
diff erences among diff erent production types were obtained in 
expression of a specifi c region of the genome (Figure 1). In the 
region with the highest percentile (0.01) was found the gene as-
sociated with the feed effi  ciency and growth (MAP3K7) in SP 
and SIM pair (Figure 2E). According Sorbolini et al. (2015) has 
the high-quality meat big importance for human consumption. 
Th ey analysed in their study selection signatures between two 
beef cattle breeds, Piemontese and Marchigiana. Similarly, SP 
as well as SIM in presented study are dual purpose breeds for 
which on the level of variance in LD is possible to fi nd the im-
portant signatures. 
Randhawa et al. (2016) localized any hotspots of selection in 
genomic regions with medium-to-high gene density. However, 
some prominent peaks within low-to-medium density genic 
regions indicate that selection targeted a few or single genes of 
major eff ects, for example, MSTN (BTA 2), ABCG2 (BTA 6), 
NCAPG-LCORL (BTA 6), PLAG1-CHCHD7 (BTA 14), and GHR 
(BTA 20). Several studies in cattle have described and confi rmed 
QTL with impacts on milk production, reproductive, and udder 
traits on bovine chromosome 20 (Viitala, 2006; Rahmatalla et 
al., 2011; Randhawa et al., 2016). Th e bovine growth hormone 
Figure 1. Normalized varLD scores in the top 5, 1, 0.1 and 0.01% of the genome-wide distributions for comparisons between pairs 
of populations on chromosome 11. A. The comparison of all evaluated breed pairs. B. Slovak Pinzgau – Austrian Pinzgau in red 
colour. C. Slovak Pinzgau – Charolais in orange colour. D. Slovak Pinzgau – Holstein in green colour. E Slovak Pinzgau – Simmental 
in blue colour. F. Holstein – Charolais in violet colour.
Figure 2. LD variation at the GHR 
(31.89-32.06 Mb) and PRLR (38.95-
39.15 Mb) gene on chromosome 20. 
(Red points) LD comparisons between 
Slovak and Austrian Pinzgau; (orange 
points) LD comparisons between 
Slovak Pinzgau and Charolais; (green 
points) LD comparisons between Slovak 
Pinzgau and Holstein; (blue points) LD 
comparisons between Slovak Pinzgau 
and Simmental; (violet points) LD 
comparisons betwwen Holstein and 
Charolais. (Dotted lines) Values of the 
corresponding thresholds.
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receptor (GHR) gene has been identifi ed as a strong position-
al and functional candidate gene infl uencing milk production. 
Rahmatalla et al. (2011) found also the association with milk 
yield, as well as with fat, protein, and casein contents. Among 
candidates in close neighbourhood is the prolactin receptor gene 
(PRLR). PRLR gene variants have shown associations with fat 
and protein yields in Finnish Ayrshire dairy cattle. According 
to the human and mouse genomic sequences, the receptor for 
prolactin hormone locates ~7 Mb from the GHR. Both GHR 
and PRLR have a major role in the regulation of growth hor-
mone and prolactin action in the mammary gland as well as in 
a variety of tissues and are thus potential candidate genes that 
could be responsible for QTL eff ects observed in chromosome 
20 (Viitala et al., 2006). Moreover, the interactions of the GHR 
gene with other genes on the same or other chromosomes can 
also contribute to the observed eff ects (Rahmatalla et al., 2011).
Figure 2A shows the normalized scores from the genome-
wide assessment of LD variation in selected pairs of populations, 
indicating strong evidence of inter-population LD variations on 
chromosome 20. Th e genomic region starting with GTR gene and 
ending with PRLR gene is shown in fi gure 2B. Since the breed 
pairs with HOL are strobgly peaked in GTR gene, the SP-AP 
pair is oppositely peaked in PRLR.
As shown in Table 1, the most signifi cant SNPs for produc-
tion, reproduction and functional traits were positioned in the 
chromosome 7, 9, 11, 14, 20 and 24. In the SP and SIM compari-
son, three genes possibly related with variation in muscle accre-
tion were identifi ed (MYL12A, MYL12B and MYOM1). Similar 
results presented also Pérez O’Brien et al. (2014) between dairy 
and beef cattle.
Conclusions
A total of six pair-wise comparisons between the fi ve breeds 
were conducted. Th ese comparisons included diff erences be-
tween the genetically close populations, between the dairy and 
dual-purpose breed type, between the beef and dual purpose as 
well as between dairy and beef breed types. Th e VarLD method 
has the potential to capture recent strong selection because 
LD breaks down quickly over longer distances and, thus, high 
LD over an extended region is likely the result of recent selec-
tion. Genomic regions associated with traits of economic and 
biological importance in cattle refl ected candidate genes with 
major eff ect on milk yield and composition (GHR), reproduction 
(PRLR), feed effi  ciency (PRKAA1, MOCOS), fertility (PLAG1) 
and immune response (COQ3, PTGER4). Th is study helps to ex-
plain the genetic architecture for production, reproduction and 
functional traits in Slovak as well as Austrian Pinzgau, Holstein, 
Simmental and Charolais cattle, and it provides useful informa-
tion for marker-assisted selection.
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